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The activity and distribution of barley (Hordeum vulgare L.) leaf 
nitrate reductase in sucrose density gradients varied with the 
composition of the extraction medium. Removal of Dithiothreitol -
Cleland's Reagent (DTI) resulted in an increase of nitrate reductase 
activity throughout the gradient (especially at the low density 
fractions) but decreased the percentage of the total activity 
associated with the organelles. Nitrate reductase activity was 
scattered in floating gradients and in non-floating gradients which 
were subjected to either long or short centrifugation. This pattern 
was not affected by the addition of bovine serum albumin (BSA). In 
crude extracts DTI preserved the activity of nitrate reductase. 
Possible explanations for the observed effect of DTI on the activity 
and distribution of nitrate reductase in sucrose density gradients 
are discussed and include: a) dissociation of a nitrate reductase 
complex system, b) release of nitrate reductase from a membranous 
system and c) interference with the nitrite accumulating properties 
of the enzyme in the in vitro assay system. 
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Die aktiwiteit en verspreiding van gars (Hordeum vulgare L.) blare 
se nitraatreduktase in sukrose digtheidsgradiente varieer volgens 
die samestelling van die ekstraheringsmedium. Verwydering van 
DTI het 'n verhoogde nitraatreduktase-aktiwiteit dwarsdeur die 
gradient tot gevolg gehad (veral in die lae digtheidsfraksies), maar 
die persentasie van die totale aktiwiteit wat met die organelle 
geassosieer is, is verlaag. Nitraatreduktase-aktiwiteit het in die 
drywende gradiente en in die nie-drywende gradiente wat aan lang 
of kart sentrifugering onderwerp is, versprei. Hierdie patroon is nie 
beinvloed deur die byvoeging van BSA nie. In ru-ekstrakte het DTI 
die aktiwiteit van nitraatreduktase bewaar. Moontlike verklarings vir 
die bevindings van die invloed van DTI op die aktiwiteit en 
verspreiding van nitraatreduktase op sukrose digtheidsgradiente 
word bespreek en sluit die volgende in : a) ontbinding van 'n 
nitraatreduktase komplekssisteem, b) die vrystelling van 
nitraatreduktase van 'n membraanstelsel en c) in vitro versteuring 
van die ensiem se nitriet-ophopingseienskappe. 
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Introduction 
The intracellular site of nitrate reductase in green leaves is 
still controversial. A variety of techniques used by numerous 
workers have yielded conflicting results . Del Campo et al. 
(1963) found that isolated illuminated chloroplasts were 
able to reduce nitrate; location of nitrate reductase in the 
chloroplasts was also proposed by Coupe et al. (1967) 
using barley leaf extracts separated in non-aqueous density 
gradients. However , Grant et al. (1970) reported that in 
spinach and sunflower leaf extracts separated by differential 
centrifugation the main site of nitrate reductase was external 
to the chloroplast and only 25% of the enzyme was inside 
the chloroplasts. Association of nitrate reductase with the 
chloroplast envelope was envisaged by Beevers & Hageman 
(1969) and Eaglesham & Hewitt (1971) and later found in 
chloroplasts of maize and foxtail isolated by aqueous and 
non-aqueous techniques (Ritenour et al. 1967) , in chloro-
plasts ofWolffia isolated by the method of Jensen & Bassham 
(1966) (Swader & Stocking 1971) and in isolated envelope 
membranes from millet (Rathnam & Das 1974) . Location of 
nitrate reductase in the cytoplasm was proposed by Dalling 
et al. (1972) and Wallsgrove et al. (1979) using spinach and 
tobacco leaf extracts separated in sucrose density gradients. 
Lips & Avissar (1972) observed that nitrate reductase was 
associated with the peroxisome fraction of tobacco leaf 
extracts separated in a large zonal rotor. 
Inconsistent results have also been obtained in studies 
with inhibitors of protein synthesis (Schrader et al. 1967; 
Stewart 1968; Sluiters-Scholten 1973) and the site of synthesis 
of nitrate reductase may differ from the ultimate location of 
the enzyme (Hewitt 1975). In addition one has to consider 
problems inherent to studies with isolated organelles such as 
the differential release of enzymes from organelles and the 
adsorption of soluble enzymes by organelles (Stocking 1959; 
Leech & Murphy 1976). 
Sucrose density gradients were employed in the study of 
the intracellular location of nitrate reductase in barley leaf 
extracts. The effect of some isolation conditions on the 
distribution of the enzyme was analysed. 
Materials and Methods 
Seeds of Hordeum vulgare L. (var. Gars Clipper ex Napier) 
were soaked overnight in aerated distilled water. The seeds 
were then spread on a layer of cheesecloth supported by a 
stainless steel screen and suspended over the surface of 
aerated full strength Long Ashton solution (Hewitt 1952) . 
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Water was added to the nutrient solution daily to maintain 
the original volume (5 I) and the solution was completely 
changed on the 8th and 15th day after sowing. Plants were 
grown in a phytotron chamber, under controlled conditions 
of 14 h light at 250 p,E m - 2 s- 1 at 27°C and 10 h dark at 22°C. 
The relative humidity in the chamber was 70±5% during 
the light period and 80±5% during the dark period. Leaves 
were harvested 4 h after the beginning of the light period. 
Mature second leaves of 16-day-old plants were excised and 
one-fifth of each leaf length discarded from each end. 
The middle three-fifths of several leaves were used in all 
experiments. 
Leaves were homogenized in a chilled medium (1 g/cm3 ) 
with a VirTis 45 homogenizer and the extract filtered 
through one layer of Miracloth, dampened with cold extrac-
tion medium. A modified Honda medium (Honda et al. 
1966) was used in which mercaptoethanol was substituted by 
10 mmol dm- 3 OTT (Oithiothreitol- Cleland's Reagent) 
(purchased from Sigma) and the concentration of BSA 
(bovine serum albumin, fraction V purchased from Sigma) 
was 0,1% (w/v). In some experiments, BSA and/or OTT 
were omitted. A volume of 25 cm3 of crude extract was 
placed onto the sucrose density gradient. In floating gradients, 
the leaf extract was placed at the bottom of the centrifuge 
tube, followed by layered cold sucrose solutions of the 
gradient. 
Linear sucrose density gradients were prepared in Beckman 
65 cm3 cellulose nitrate tubes by sequentially layering 2,5 cm3 
each of 60,0; 57,5; 55,0 ... 30,0% sucrose solutions on each 
other. The 60% solution was prepared by dissolving solid 
sucrose (obtained from BOH) in 100 mmol dm-3 glycyl-
glycine buffer, pH 7 ,5. Solutions of decreasing concentrations 
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were made up by adding buffer until the required density 
values were obtained. 
Centrifugation of the gradients was carried out at 4°C in a 
Beckman L3-50 ultracentrifuge using an SW 25.1 rotor. 
Three main methods of centrifugation were used: ' long' 
centrifugation, 'short' centrifugation and 'floating' gradient 
centrifugation. In the short centrifugation, gradients were 
centrifuged for 5 min at 4 000 rpm, followed by 10 min at 
10 000 rpm (Miflin & Beevers 1974). The long centrifugation 
lasted 3 h at 24 000 rpm (Schnarrenberger & Burkhard 
1977). Floating gradients were centrifuged for 23 h at 
16 000 rpm. The gradients were fractionated from the top 
into 1,2 cm3 fractions by means of an Isco model640 density 
gradient fractionator and the fractions were kept in ice. 
Catalase (EC 1.11.1.6) was assayed according to Luck 
(1963), cytochrome c oxidase (EC 1.9.3.1) and nitrate 
reductase (EC 1.6.6.1) according to Soares (1982) and 
chlorophyll according to Arnon (1949). Sucrose concen-
trations were measured in an Abbe refractometer. All 
reagents used in the current studies were of analytical grade. 
Results 
The following organelle markers were used: chlorophyll for 
chloroplasts, catalase for peroxisomes and cytochrome c 
oxidase for mitochondria. A distinct separation between 
chloroplasts and mitochondria was not obtained and a 
certain degree of cross-contamination occurred between 
these organelles and the peroxisomes. Centrifugation of the 
crude extract prior to loading onto the gradient, as described 
by Schnarrenberger & Burkhard (1977) did not eliminate 
organelle contamination (results not shown). 
It is common procedure to add OTT to nitrate reductase 
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Figure 1 Distribution of nitrate reductase in a linear sucrose density gradient after long centrifugation. The extraction medium contained BSA 
and DTT. 
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extraction media (Hageman & Hucklesby 1971) and DTI 
has been used in studies on the intracellular distribution of 
nitrate reductase (Dalling et al. 1972). This substance 
protects the enzyme by maintaining its thiol groups in the 
reduced state (Cleland 1964). However, DTI has been 
reported to have other effects such as the solubilization of 
coat proteins from bacterial spores (Aronson & Fitz-James 
1968; Spudich & Kornberg 1969), the maintenance of the 
subunits of glycinin dissociated (Catsimpoolas & Wang 
1971) and the release of enzymes from the cell wall of yeast 
(Smith & Ballou 1974) . Should DTI have similar effects in 
the homogenates of barley leaves, the distribution of nitrate 
reductase in the density gradients could be affected. This 
was tested. 
After long centrifugation, nitrate reductase activity in 
extracts containing BSA and DTI (Figure 1) was low at the 
top of the gradient (23% sucrose), showed a peak at the 
low density section of the gradient (23-30% sucrose) and 
was scattered in the chloroplast-mitochondria fractions , 
decreasing towards the peroxisome band. When DTI was 
excluded from the extraction medium (Figure 2) , the total 
activity of nitrate reductase increased markedly, the top and 
low density fractions of the gradient accounting for most of 
the enhancement. As observed in the presence of DTI 
(Figure 1) , the activity along the gradient was scattered and 
decreased in the peroxisome peak (Figure 2) . 
At the concentration used, DTI did not interfere with the 
colorimetric determination of nitrite and therefore the lower 
nitrate reductase activity could not be ascribed to the 
underestimation of nitrite. There was no marked effect of 
DTI on the activity of the freshly extracted enzyme but in 
the long term it contributed to better preservation of enzyme 
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actiVIty (Table 1). The lower nitrate reductase activity 
observed in the density gradients did not therefore appear to 
be due to enhanced decay of the enzyme caused by DTI. 
Table 1 Effect of DTT on the activity and stability of 
nitrate reductase in crude extracts. The extraction 
medium contained BSA in the presence or in the 
absence of DTT. Nitrate reductase activity was assayed 
immediately after tissue homogenization and 2 h later. 
Enzyme rate: p,mol NO:Z accumulated h- 1 g - 1 fr. wt. 
Extraction Activity Activity % Activity 
media atOtime at2h after2 h 
+DTI 5,019 4,119 82,1 
-orr 5,118 3,435 67,1 
After long centrifugation, nitrate reductase activity in 
gradients of extracts containing DTI in the absence of BSA 
(Figure 3) was low at the top of the gradient and was not 
preferentially associated with any type of organelle. The 
distribution of nitrate reductase was very similar to that 
observed in the presence of both BSA and DTI (Figure 1), 
except for the absence of the low density peak. When both 
BSA and DTI were omitted from the extraction medium 
(Figure 4), nitrate reductase activity was high at the top and 
in the low density fractions of the gradient and lower and 
scattered in the organelle fractions . The exclusion of BSA 
from a medium without DTI resulted in lower activity in the 
organelle fraction (compare Figures 2 & 4). 
The effects of BSA and DTI on the activity and distribution 
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Figure 2 Distribution of nitrate reductase in a linear sucrose density gradient after long centrifugation. The extraction medium contained BSA 
(DTI excluded). 
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of nitrate reductase are also shown in Table 2. The total 
nitrate reductase activity was markedly higher in the absence 
of OTT and more than 50% of the enzyme was at the top of 
the gradient. Addition of BSA in the absence of OTT 
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resulted in a higher association of the enzyme with the 
organelle fraction (28% as compared with 12% ), without 
having a distinct effect on the activity of the low density 
fractions of the gradient. In the presence of OTT, the total 
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Figure 3 Distribution of nitrate reductase activity in a linear sucrose density gradient after long centrifugation . The extraction medium contained 
OTT (BSA excluded). 
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Figure 4 Distribution of nitrate reductase activity in a linear sucrose density gradient after long centrifugation. Both BSA and OTT were excluded 
from the extraction medium. 
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Table 2 Effects of OTT and BSA on the activity and 
distribution of nitrate reductase on linear sucrose 
gradients after long centrifugation . Top of grad.: 
fractions from the top of the gradient to 25% sucrose; 
Low dens.: fractions between 25- 30% sucrose; 
Chl.+mit.+per.: fractions containing chloroplasts, 
mitochondria and peroxisomes 
a) Activity (p,mol NO; accumulated h- 1 ) 
b) Percentage of total activity in gradient 
+DTI -DTI +DTI -DTT 
Treatment +BSA +BSA -BSA -BSA 
Top of grad . 0,454 (a) 4,882 0,571 5,441 
(15 ,6)(b) (51 ,0) (25 ,2) (63 ,9) 
Low dens. 0,905 2,016 0,438 2,019 
(31 ,2) (21 ,0) (19,3) (23 ,7) 
Top of grad. 1,360 6,899 1,010 7,459 
+Low dens. (46,8) (72 ,0) (44,5) (87,6) 
Chl. + mit.+per. 1,548 2,675 1,259 1,055 
(53 ,2) (28,0) (55 ,5) (12,4) 
nitrate reductase activity decreased to about 30% of that 
measured in the absence of DTI; the decline being more 
noticeable at the top of the gradient. Addition of BSA to the 
medium containing DTI resulted in a different distribution 
of the enzyme activity at the top and in the low density 
fractions of the gradient, without affecting the sum of both: 
BSA brought about an increase of the activity found in the 
low density section , apparently at the expense of the activity 
at the top of the gradient. In terms of total activity in each 
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gradient , the percentage of activity associated with the 
organelle fractions varied from 12% in the medium lacking 
both BSA and DTI, to more than 50% in media containing 
DTI, either in the presence or in the absence ofBSA. In the 
medium containing BSA and no DTI, 28% of the total 
activity was found in the organelle fractions . 
In the short centrifugation method described by Miflin & 
Beevers (1974) the chloroplasts reach their equilibrium 
position in the gradient while peroxisomes and mitochondria , 
having lower sedimentation rates , appear at a density 
position lower than that of equilibrium. According to Miflin 
& Beevers (1974) , a less contaminated chloroplast fraction is 
then obtained. In the present study, however , an appreciable 
amount of catalase activity was associated with the chloro-
phyll peak from extracts in a medium containing BSA in the 
absence of DTI (Figure 5). The total nitrate reductase 
activity was high with a very small amount present in the 
chloroplast fractions . 
A higher percentage of nitrate reductase activity was 
associated with the organelle fractions in floating gradients 
(Figure 6) when compared with the distribution of the 
enzyme extracted in an identical medium but subject to long 
(Figure 2) or short (Figure 5) centrifugation. The lower 
activity in the top and low density fractions of the floating 
gradient (Figure 6) was probably due to the decay of the 
enzyme during the very long centrifugation period (23 h) . A 
nitrate reductase peak coincided with the high density 
shoulder of the chloroplast fraction (intact chloroplasts). 
Discussion 
The sucrose density gradient centrifugation technique has 
yielded conflicting results on the distribution of leaf nitrate 
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Figure 6 Distribution of nitrate reductase activity in ·a floating linear sucrose density gradient. The extraction medium contained BSA (OTT 
excluded). 
reductase. Dalling et al. (1972) observed that when extracted 
in a medium without BSA, nitrate reductase was present 
throughout the organelle fractions and that addition of BSA 
to the extraction medium resulted in the appearance of the 
enzyme in the supernatant. Dalling et al. (1972) concluded 
that nitrate reductase was soluble and BSA eliminated the 
indiscriminate adsorption of the enzyme to organelles. 
Other factors may also affect the distribution of nitrate 
reductase in sucrose gradients. Lips (1975) observed that the 
composition of the homogenization media, the ratio of 
homogenization medium volume to tissue weight, the type 
of gradient and the rate of acceleration of the centrifuge 
rotor affected the nitrate reductase content of the microbody 
fraction. 
On the other hand, the distribution of the organelles in 
the sucrose gradients is also affected by the experimental 
conditions. Phosphate in the sucrose density gradients causes 
attachment of chloroplasts and peroxisomes, resulting in the 
sedimentation of the peroxisomal fraction together with 
intact chloroplasts (Schnarrenberger & Burkard 1977) while 
light promotes the attachment of microbodies to chloro-
plasts (Kagan-Zur & Lips 1975). This association between 
organelles is probably more than a separation artefact and 
evidence of in situ association of organelles has been 
obtained in electron microscopy (Frederick & Newcomb 
1969) and cinephotomicrography (Wildman et al. 1962) 
studies and in counter-current separation of chloroplasts in a 
two phase system (Larsson et al. 1971). 
The results obtained in the present study did not allow any 
conclusion on the intracellular location of nitrate reductase. 
The results obtained using BSA differ from those of Dalling 
et al. (1972) who observed a marked increase of nitrate 
reductase activity in the supernatant and the disappearance 
of the scattered activity in the organelle fractions. In their 
studies, the extraction medium lacking BSA contained DTT 
(10 mmol dm - J , as in the present study) but it is unclear 
whether DTT was present in the medium containing BSA. 
Contrary to results obtained in the density gradients, OTT 
preserved the activity of nitrate reductase in crude extracts 
(Table 1) . Possible explanations for this differential effect of 
DTT on the activity of nitrate reductase could be envisaged 
as follows: 
(a) Nitrate reductase may be part of a complex system 
which remained relatively intact in the crude extracts. In 
the presence of DTT, this system could dissociate but its 
components remained spatially close , the sulfhydryl groups 
of the enzyme were protected and, as a consequence, the 
activity ofthe enzyme was preserved. However, when OTT-
containing extracts were centrifuged in density gradients , 
the dissociated components of the enzyme complex were 
separated and the activity declined drastically. 
(b) In the presence of DTT, nitrate reductase could be 
more susceptible to an endogenous inhibitor owing to the 
dissociation and/or removal of the enzyme complex from 
the membranes. The supernatant and low density fractions 
of the gradients were rich in membranes (electron microscopy 
observations not shown). Dalling et al. (1972) reported an 
inhibitor of nitrate reductase in the supernatant of density 
gradients from tobacco leaves; the inhibitor did not adhere 
to the organelles and was removed by Sephadex G-25. 
(c) Comparative studies on the accumulation of nitrite and 
disappearance of nitrate in the nitrate reductase in vitro 
assay system have shown that the amount of nitrate lost 
exceeds the amount of nitrite accumulated (Soares 1982). 
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Furthermore, a particulate fraction was found in barley leaf 
extracts separated by differential centrifugation which used 
nitrate at an appreciable rate while accumulating negligible 
levels of nitrite (Soares 1982). The effect of DTI may only 
have been on the capacity of the enzyme to accumulate 
nitrite but not on the capacity of the enzyme to use nitrate ; 
the particulate enzyme may not have been detected by the 
nitrate reductase assay used, namely the measurement of 
nitrite accumulation. This effect of DTI could have been 
mediated by the mechanisms proposed in (a) or (b) . Nitrate 
reductase scattering in the gradient may be due to the 
indiscriminate adsorption of the enzyme to several types of 
organelles. 
The sucrose density gradient method used in the study of 
the intracellular distribution of nitrate reductase has limita-
tions and should be combined with other methods. A better 
understanding of nitrate reduction in vivo and the use of 
alternative methods for the estimation of nitrate reductase 
activity in vitro are needed for the establishment of the 
intracellular location of the enzyme. 
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